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Metallic thin plate structures such as airplanes are often severely 
loaded due to high load/weight requirement. Measurement of stress in the 
loading test are normally done with wire strain gauges. Since such a 
stress measurement technique is rather inefficient, a new technique of 
stress measurement has been requested. Birefringence acoustoelasticity 
is one of the possible alternatives [1,2,3]. Stresses in the material 
make it acoustically anisotropic and the ultrasonic shear wave shows 
acoustic birefringence. The principal stress difference is proportional 
to the difference in the propagation velocities of two shear waves polar-
ized in the principal stress directions [4]. For the precise time-of-
flight measurement, the sing-around and pulse-echo-overlap methods have 
been used. However, these methods are inadequate for thin plates, be-
cause the propagation distance is short and the accuracy becomes insuffi-
cient. Overlapping of echoes sometimes makes the measurement totally 
impossible. 
Traditionally, a solution in these cases is to rely on the resonance 
method, in which swept-frequency measurements detect the resonance 
frequency and the propagation velocity of elastic wave can be calculated. 
Resonance method has been applied to acoustoelastic stress measurement 
with a piezoelectric transducer mechanically coupled to the welded 
aluminum plates [5]. With this arrangement, however, the resonance 
frequency of the composite oscillator consisting of transducer, coupling 
bond, and specimen was obtained. In order to know the resonance fre-
quency of the specimen alone, the perturbing effect was excluded to 
perform the precise correction [6]. In this study, a non-contact ultra-
sonic generation and detection technique with electromagnetic acoustic 
transducer (EMAT) is investigated to avoid correcting the resonance fre-
quency and facilitate the acoustoelastic stress measurements. 
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Fig. 1. Birefringence stress measurement with a shear wave EMAT. 
RESONANCE FREQUENCY AND ACOUSTOELASTICITY LAW 
The resonance frequency of n-th mode, f , is given by the elastic 
wave velocity V and the plate thickness d th¥ough 
f nV/2d. 
n 
(1) 
The acoustic birefringence B, that is, the velocity difference of shear 
waves with the polarization in the principal directions, is then express-
ed in terms of the resonance frequencies; 
B = 2(f (l)_f (2))/(f (l)+f (2)), 
n n n n 
(2) 
where f (1) and f (2) denote the n-th resonance frequencies of shear wave 
modes pglarized iR 01 and 02 directions (see Fig.l). The plate thick-
ness has been eliminated, which is beneficial from application view-
points. The birefringent acoustoelasticity law becomes 
2(f (l)_f (2))/(f (l)+f (2)) 
n n n n 
(3) 
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Fig.2. Geometry and operation of shear wave EMAT. Ft is the Lorentz 
force acting on the induced current. 
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with the principal stresses Gl and G2. B is the intrinsic anisotropy 
due to texture and can be given by B meas~red at the stress-free state. 
CA is the acoustoelasticity constant, whose value can vary significantly 
from material to material and also shows a dependence on the metallugical 
microstructures. It is a usual procedure to calibrate CA from the slope 
of the stress-birefringence relation in uniaxial tests. 
ELECTROMAGNETIC ACOUSTIC TRANSDUCER (EMAT) 
Figure 2 shows the operational principle of an electromagnetic 
acoustic transducer (EMAT) to generate and detect shear waves. An eddy 
current is induced in a conducting sample upon the application of high 
frequency AC current to the coil. The Lorentz force then arises on the 
eddy current through the interaction with the static magnetic field set 
up perpendicular to the sample surface by the permanent magnet. The 
Lorentz force becomes the source of ultrasonic shear wave. The same EMAT 
acts as a receiver, where the reversed process occurs. 
enamel wire, 0.2 mm diameter, into a track-shaped coil 
A pair of Nd-B-Fe permanent magnets mount the coil as 
We wound an 
of eight turns. 
sketched in Fig. 
S mm 2 • 
2. The effective aperture has a rectangular area of 3 x 
A major motivation for using EMATs is that one can make non-contact-
ing measurements of ultrasonic velocities. This allows omitting the 
time-consuming surface preparation and also accomodates high-temperature 
and on-line applications. A shortcoming with EMATs is the low transduc-
tion efficiency, which is nominally less than 40 dB compared to the 
piezoelectric tranducers. Together with employing a high-power driving 
circuitry, the low efficiency is best compensated by bringing the object 
into resonance. 
SUPERHETERODYNE PHASE SENSITIVE MEASURING SYSTEM 
Figure 2 is a simplified block diagram of the superheterodyne phase 
sensitive measuring system. The synthesizer assumes the role of "local 
EMAT 
SAMPLE "lIlIlIl 
Fig. 3. Block diagram of superheterodyne receiver and phase-sensitive 
detector with EMAT. 
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oscillator" in this arrangement. It is used with multiplier No. 1 and 
the IF oscillator to create the cw operating frequency (F) which drives 
the gated amplifier. It is also used with multiplier No. 2 to convert 
the frequency of the received acoustic signal into the bandpass of the 
intermecliate frequency (IF) amplifier. It is important to note that the 
phases of signals are preserved when frequency mixing (multiplication) 
operations such as just described are performed. Mixing produces both 
the sum and difference frequencies of the signals involved, but in each 
case the sum frequency is rejected with low-pass filters. 
Two phases of the IF oscillators (0° and 90°) are applied to multi-
plier 3 and 4 respectively which act to remove the RF component of the IF 
signal. This process is referred to as "quadrature phase sensitive 
detection" and the results in two outputs which can, after low-pass 
filtering, be represented by Acos~ and Asin~, respectively, where A is an 
amplitude/shape factor and ~ is the phase angle between the input RF 
burst and the acoustic signal. Detailed discussions of this method and 
other aspects of the signal processing are given in [7,8]. 
During the excitation with the long RF burst (up to 200 seconds), a 
reverberation is established in the sample. Its strength depends on the 
magnitude of the burst spectrum at the resonance frequency of the sample. 
The same EMAT used for the excitation receives the reverberation signal. 
Since the EMAT loading is negligible, the time constant of the exponen-
tially decaying acoustic fields depends mainly on the attenuation in the 
sample. Because the reverberation may not be at exactly the operating 
frequency, the phase (~) will be constantly changing and beats will occur 
in the outputs of multipliers 3 and 4. These outputs are integrated from 
the end of the RF burst until no more ringing is observed. The frequency 
is then stepped through the range of interest. Strongly observed signals 
which are slightly off-resonance tend to integrate to small values be-
cause the changing phase produces both positive and negative detected 
outputs during the ring down time. With the operating frequency F far 
away from the resonance frequency, the amplitude decays soon because of 
repeated canceling with random phases. Thus the "amplitude spectrum" of 
a sample, which is obtained by recording the root of the sum of the 
squares of the integrator outputs at each frequency, will exhibit a 
sharp peak at each resonance frequency. At a resonance, the received 
reverberation signal has a constant phase delay, relative to the trans-
mitting RF burst, throughout the ring down time. 
All the operating parameters are controllable through an attached 
personal computer; they include the frequency, duration of the RF burst 
and its strength, signal amplification, averaging, the length of the 
integration gate, and the integration constant. With this analog signal-
processing method, a typical measuring time is 20 seconds for obtaining 
and displaying a spectrum with several hundred data points. 
ACOUSTOELASTICITY EXPERIMENTS 
Calibration Test 
The sensitivity to stress was first examined with an uniaxial loading 
configuration. The shear wave EMAT was positioned in the center of the 
specimen, whose longitudinal direction is parallel to the rolling direc-
tion. We rotated the EMAT to excite the shear vibration at approximately 
45 deg from the stress direction instead of directing it to 0° a~~)90° as 
shQ~ in Fig.i. We thus determined the resonance frequencies f and 
f ~L) for the orthogonal polarization simultaneously. The stan~ing wave 
i~ decomposed into two components in an anisotropic material as in the 
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case of discrete pulses. The specimens used were aluminum alloy plate of 
1.22 mm thick and low-carbon steel plate of 1.15 mm thick. Surface prep-
aration was unnecessary at all. Even a rusty plate can be measured. The 
EMAT was in a direct contact with the plates, although the liftoff of a 
few millimeters was well within the capacity without sacrificing tqe 
accuracy. 
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Fig.4. Spectral resoponse curves centered around n = 12 shear wave 
resonance for two tensile stresses (aluminum plate). 
This aluminum plate had a very small texture anisotropy, B , being 
0.006 %, and the resonance peaks for polarizations in the rolli&g and 
transverse directions completely overlapped each other at the stress-free 
state. Stress application introduced the anisotropy, making the peaks 
separately observable. Figure 4 presents the resonance spectra of n = 12 
at two stress levels, where the amplitude spectrum was measured at every 
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400 Hz. The resonance frequencies were determined from the center axis 
of a Gaussian distribution curve fit to the resonance lineshape around 
the peak. We confirmed a linear relationship between the stress and the 
resonance frequency difference (Eq. (3». The acoustoelasticity constant 
was calibrated at C = -3.70 x 10- 5 /MPa. For the steel plate, it was 
-1.12 x 10- 5 /MPa (~ig. 5). We also observed a linear dependence of the 
sum of the resonance frequencies on the stress with a smaller rate. The 
stress effect is, in any case, enhanced at higher order resonances. 
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Fig.5. Linear relation between the resonance birefringence and the 
tensile stress (mild steel). 
Two-Dimensional Stress Field 
To illustrate the applicability, we measured the two-dimensional stress 
field around a center hole in the specimen. Figure 6 shows the plate 
specimen of 150 rom width. The thickness is the same as for the uniaxial 
tests. Figure 7 shows the distribution of the principal stress differ-
ence along X axis of the specimens; r/b = 0.30 (aluminum alloy) and rib 
0.454 (mild steel). The stress is normalized by T, which would be the 
uniform stress without the hole. The order of shear wave resonance we 
used was 12 for the aluminum plate and 5 for the steel plate. The solid 
curve represents the theoretical field obtained by Howland [9], which 
indicates that 01»02 along X axis. The stress inhomogeneity within the 
aperture of EMAT has been included in the theoretical curve, though it is 
not important. 
We see an excellent correspondence between the theory and the EMAT 
resonance measurements even with such a low stress level. Slight devia-
tion is attributable to the eccentricity of the hole; averaging the 
results on both sides of the hole improved the agreement. The measure-
ment cannot be made right on the edges or in close proximity to them. 
This is because the magnetic field is disturbed by the discontinuity and 
also the reflection signals are superimposed on the through-thickness 
resonance. Better results with the aluminum plate can be explained by 
the use of higher order resonance and, probably, the larger value of CA' 
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Fig.6. Plate specimen with a center hole and the loading geometry. 
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Fig.7. Stress distribution along X axis. T is the uniform stress 
without the hole. 
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CONCLUSION 
We have demonstrated that a miniture shear wave EMAT can effectively 
map out the stress field in a thin metallic plate, either ferromagnetic 
or paramagnetic, if it is incorporated in the superheterodyne phase 
sensitive measuring system. Besides the high measuring accuracy, the 
high spatial resolution, the tolerance to unprepared surfaces, and the 
portable instrument are among other advantages. Non-contact and swift 
stress determination is then realized. Considering that the weak stress 
effect on elastic wave velocities is well measurable as shown, the pre-
sent method will cope with many needs in the field of ultrasonic material 
characterization, especially for small samples. 
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